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a b s t r a c t

The adsorption of 1-naphthylamine, 1-naphthol and phenol on as-prepared and oxidized multiwalled
carbon nanotubes (MWCNTs) has been investigated. The results illustrated that both as-prepared and
oxidized MWCNTs showed high adsorption capacity for the three ionizable aromatic compounds (IACs)
studied. Oxidation of MWCNTs increased the surface area and the pore volume, and introduced oxygen-
containing functional groups to the surfaces of MWCNTs, which depressed the adsorption of IACs on
eywords:
ultiwalled carbon nanotubes

onizable aromatic compounds
dsorption
-Naphthylamine
-Naphthol

MWCNTs. Both Langmuir and Freundlich models described the adsorption isotherms very well and
the adsorption thermodynamic parameters (�G◦, �H◦ and �S◦) were measured. The adsorption for
1-naphthylamine, 1-naphthol and phenol is general spontaneous and thermodynamically favorable.
The adsorption of phenol is an exothermic process, whereas the adsorption of 1-naphthylamine and 1-
naphthol is an endothermic process. Results of this work are of great significance for the environmental
application of MWCNTs for the removal of IACs from large volume of aqueous solutions.
henol

. Introduction

Since the discovery by Iijima in 1991 [1,2], carbon nanotubes
CNTs) have attracted great attention in multidisciplinary areas due
o their unique hollow tube structure and their many outstanding

echanical, electronic and optical properties [3,4]. CNTs have been
roposed for various applications such as hydrogen storage devices,
ensors and so on [5,6]. Because of their large surface area and
igh reactivity, extensive experiments have been conducted on the
dsorption of inorganic or organic contaminants on CNTs [7,8]. Lu et
l. [9,10] investigated the adsorption–desorption of Zn2+ and Ni2+

n CNTs, and found that CNTs possessed higher adsorption capacity
han granular activated carbon. It has also been demonstrated that
NTs are promising adsorbents for the removal of organic contam-

nants such as trihalomethanes [11,12], 1,2-dichlorobenzene [13],
esorcinol [14], and polycyclic aromatic hydrocarbons [15–17] from

queous solution. The adsorption of CNTs can be modified by oxi-
ation using KMnO4, H2O2, NaOCl or HNO3 [13,18–20] as oxidant.
uch oxidation can remove impurities of CNTs, which increases the
urface area and introduces oxygen-containing functional groups

∗ Corresponding author. Tel.: +86 551 5592788; fax: +86 551 5591310.
E-mail address: xkwang@ipp.ac.cn (X.K. Wang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.01.110
© 2010 Elsevier B.V. All rights reserved.

[20], thus altering the adsorption for environmental contaminants
[12,13,18,19].

Ionizable aromatic compounds (IACs) such as hydroxyl- and
amino-substituted aromatics are widely found in the effluents from
pharmaceuticals, petrochemicals, dyestuffs, pesticides and other
industries [21]. Many of them have been classified as hazardous
pollutants because of their potential harmful to human health [21].
Due to their relatively high solubility in water, they can transport
favorably in natural environment. For the removal of IACs from
water, many studies have been focused on their adsorption by
adsorbents and elucidating the mechanism of the adsorption pro-
cess [21,22]. It was recently reported [22] that CNTs have stronger
affinity for IACs than that for nonionic aromatic compounds. Since
the oxidation of CNTs introduces oxygen-containing functional
groups, it is possible that this would decrease the adsorption of
organic compounds. However, the exact role of these oxygen-
containing functional groups on the specific adsorption of IACs on
CNTs is not clear.

Understanding the kinetic and thermodynamic of the adsorp-

tion is critical for the development of more efficient adsorbents
suitable for real environmental applications. While studies of the
adsorption kinetics and thermodynamics of heavy metals on MWC-
NTs are generally well known, very little information is currently
available regarding the adsorption of organic compounds, such

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xkwang@ipp.ac.cn
dx.doi.org/10.1016/j.jhazmat.2010.01.110
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s trihalomethanes [11], 1,2-dichlorobenzene [12], atrazine [23],
itroaromatic compounds [23] and dyes [25,26] on MWCNTs. These

imited studies suggested that the adsorption of organic com-
ounds on MWCNTs was spontaneous and mainly due to physical
dsorption.

In this work, the adsorption kinetics and thermodynamics of
ACs on MWCNTs were studied. 1-naphthylamine, 1-naphthol and
henol were selected as model IACs because of their extensive
xistence in water environment. The aim of this work was to under-
tand the kinetic and thermodynamic behavior of IACs adsorption
n MWCNTs, and to reveal the effect of oxygen-containing func-
ional groups on the adsorption of IACs on MWCNTs.

. Materials and methods

.1. Preparation and oxidation of MWCNTs

MWCNTs were prepared by using chemical vapor deposition
CVD) of acetylene in hydrogen flow at 760 ◦C using Ni–Fe nanopar-
icles as catalysts [27]. Fe(NO3)2 and Ni(NO3)2 were treated by
he sol–gel process and calcinations to obtain FeO and NiO and
hen deoxidized by H2 to achieve Fe and Ni nanoparticles. Oxi-
ized MWCNTs were prepared by oxidization with 3 mol/L HNO3
28]. Briefly, 400 mL 3 mol/L HNO3 including 2 g of MWCNTs was
ltrasonically stirred for 24 h, filtrated, and then rinsed with doubly
istilled water until the pH reached about 6. Such prepared sample
as dried overnight in an oven at 80 ◦C, and then calcined at 450 ◦C

or 4 h to completely remove amorphous carbon and nitrate ions
29]. The catalysts Fe and Ni in the oxidized MWCNTs were mea-
ured by ICP-MS and the results indicated that Ni and Fe were less
han 0.01% and 0.03%, respectively.

.2. Chemicals
1-Naphthylamine, 1-naphthol and phenol were purchased from
uoyao Chemical Reagent Corporation (China). No significant

mpurities were detected by HPLC-UV analysis. Selected properties
f 1-naphthylamine, 1-naphthol and phenol are listed in Table 1.
he adsorbates were dissolved in 0.01 mol/L NaCl and 100 mg/L

able 1
hemical structures and selected properties of IACs applied in this study.a.

IACs Chemical structures M S

1-Naphthylamine 143.2

1-Naphthol 144.2

Phenol 94.1

: molecular weight, g/mol; S: aqueous solubility, mg/L; Kow: octanol–water partition coef
Ka: acid dissociation constant.
a Refs. [22,30].
s Materials 178 (2010) 505–516

NaN3 solution which were applied as support electrolyte (the pH
was approximately 6.5) throughout this study. The final concen-
trations of the adsorbates were limited to <50% of their water
solubility to ensure complete dissolution. All chemicals were pur-
chased in analytical purity and used without further purification.
Milli-Q water was used in all experiments.

2.3. Characterization

The morphology of MWCNTs was characterized by a field emis-
sion scanning electron microscope (FE-SEM, JEOL JSM-6700, Tokyo,
Japan) and a high-resolution transmission electron microscope
(HR-TEM, JEOL JEM-2010, Tokyo, Japan). The thermal stability of
MWCNTs in air was determined by a thermogravimetric ana-
lyzer (Pyris 1 TGA, PerkinElmer, MA, USA) at a heating rate of
10 ◦C/min in temperature range of 30–800 ◦C. Fourier transform
infrared (FTIR) technique was used in the analysis of the chemi-
cal surface groups of the adsorbents. FTIR analysis was performed
using a Nexus670 FTIR spectrometer (Thermo Nicolet, Madison)
equipped with a KBr beam splitter (KBr, FTIR grade). Spectra were
acquired in the 4000–400 cm−1 wavenumber with 4 cm−1 resolu-
tion. The background spectrum of KBr was also recorded at the
same conditions. The structural information of MWCNTs was eval-
uated by a Raman Spectrometer (Model Nanofinder 30R, Tokyo
Instruments Inc., Tokyo, Japan). The acidic and basic site con-
centrations of adsorbents were determined by Boehm titration
method [31]. The titration was conducted by adding 200 mg of
adsorbents into a 200 ml flask containing 100 ml of the following
0.1 mol/L solutions: NaHCO3, Na2CO3, NaOH, and HCl. The flask was
sealed and shaken at 298 K for 2 days, and then filtered through a
0.45 mm nylon fiber filter. The filtrate (10 ml) was pipetted and
mixed with 15 ml of 0.1 mol/L HCl or NaOH. The excess of acid and
base was titrated with 0.1 mol/L NaOH and HCl, respectively. The
quantities of acidity of various types were determined from the

assumption that NaHCO3 reacts with carboxylic groups, Na2CO3
reacts with carboxylic and lactonic groups, and NaOH reacts with
carboxylic, lactonic and phenolic groups. The total basicity was
determined from the amount of HCl reacted with the adsorbents
[32].

Kow BP MP pKa

1704 501 573 323 3.92

866 501 555 328 9.34

89,100 30 439 282 9.92

ficient; MP and BP are melting and boiling point temperature (unit is K), respectively.
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.4. Analytical methods

The adsorbate concentrations in the initial and final aqueous
olutions were measured by using UV–vis spectrophotometer at
20 nm for 1-naphthylamine, at 332 nm for 1-naphthol and at
75 nm for phenol, respectively. In order to further enhance deter-
ination sensitivity, the analyzed solution was basified to a pH of

2 with 0.1 mol/L NaOH to make sure the solute present in dis-
ociation state in solution, and the limit of detection were 0.1,
.1, and 0.05 mg/L for 1-naphthylamine, 1-naphthol and phenol,
espectively.

.5. Kinetic experiments

Kinetic experiments were performed in 100 mL glass vials sealed
ith Teflon-lined screw caps at 298 K. Initially, MWCNTs (100 mg

or 1-naphthylamine and 1-naphthol, 200 mg for phenol) were
ntroduced to the supporting solution of 0.01 mol/L NaCl contain-
ng 100 mg/L NaN3 solution and prior to the introduction of IACs,
he vials were rotated for 24 h to hydrate the MWCNTs. The ini-
ial concentration was 50 mg/L for each IAC investigated. After the
ntroduction of the IACs, samples were shaken for a certain time
ntervals, filtered through 0.45 �m cellulose acetate membrane fil-
er, and analyzed for the equilibrium solution concentration of
ACs. The quantity of IACs adsorbed at time t (min), qt (mg/g), was
educed from the mass difference between initial (t = 0 min) and
nal solution concentration taken at time t (min).

.6. Adsorption experiments

Adsorption experiments were carried out in 8 mL amber EPA
ials equipped with Teflon-lined screw caps using a batch tech-
ique. Duplicate samples were done for each adsorption isotherm
ata point, and triplicate samples were done for each pH effect
ata point. For adsorption isotherm experiments, the range of
hemical concentration studied was 10–100 mg/L and the pH for
-naphthylamine, 1-naphthol and phenol was between 6.0 and 6.5
measured at the end of batch adsorption), within these pH ranges,
-naphthylamine, 1-naphthol and phenol existed mainly in neutral
orm. For the pH effect experiments, the initial concentration was
0 mg/L for each IAC and the equilibrium pH was set over a range of
–11. Prior to initiating an adsorption experiment, a certain amount
f MWCNTs (8 mg for 1-naphthylamine and 1-naphthol, 16 mg for
henol) was transferred to a 8 mL vial and was equilibrated for 24 h
ith a certain volume of electrolyte solution containing 0.01 mol/L
aCl and 100 mg/L NaN3 solution (as the bioinhibitor), the pH of

he background solution was approximately 6.5. Afterward, a stock
olution of an adsorbate (in methanol) was added to the vial using
microsyringe, the volume percentage of the methanol stock solu-

ion was kept below 0.1% (v/v) to minimize the cosolvent effect. The
ial was then filled with an electrolyte solution to leave minimal
ead space and was mixed end over end at 3 rpm with a tumbler
t room temperature for more than 3 days. The time required to
each adsorption equilibrium was predetermined by the kinetic
xperiments. After reaching equilibrium, the vials were removed
rom the tumbler and were left undisturbed on a flat surface for

ore than 24 h to allow complete settlement of MWCNTs. Aliquots
f the aqueous solution were then withdrawn from the vials and
ltered through 0.45 �m cellulose acetate membrane filter, and
nalyzed for the equilibrium concentration of adsorbates. Blank
xperiments were performed using the same experimental proce-

ure but without MWCNTs to check for potential adsorption of IACs
o the vials or the membrane filters, which could potentially result
n nonspecific loss and/or degradation of the IACs. Such losses in
he blank experiments were less than 5% of the initial concentra-
ions and therefore indicated that the losses were small and can be
s Materials 178 (2010) 505–516 507

negligible. The amount of IACs adsorbed by MWCNTs could be cal-
culated directly from mass difference between the initial and final
equilibrium concentrations using Eq. (1):

qe = (C0 − Ce) × V

m
(1)

where qe is adsorbed amounts by MWCNTs (mg/g) after equilib-
rium, C0 is the initial concentration (mg/L), Ce is the equilibrium
concentration (mg/L), V is the solution volume (mL), and m is the
MWCNTs dosage (g).

2.7. Data analysis

2.7.1. Kinetic study
For kinetic study, four common kinetic models including (1)

pseudo-second-order model, (2) parabolic diffusion model, (3)
Elovich model, and (4) modified Freundlich model have been tested
for goodness of fit for the experimental data using the correlation
coefficient (R) as a measure of the agreement between the exper-
imental data and the four proposed models. Each of the models is
briefly discussed below.

The pseudo-second-order model consists of all the steps of
adsorption including external film diffusion, adsorption, and inter-
nal particle diffusion, which can be written as [24]:

dqt

dt
= k2(qe − qt)

2 (2)

where k2 [g/(mg h)] is the rate constant of the pseudo-second-order
adsorption, and is a complex function of the initial concentration
of solute [24], and qe and qt are the adsorbed IACs (mg/g) at equi-
librium and at time t (h). Given that the initial sorption rate v0
[mg/(g h)] is:

v0 = k2q2
e (3)

Eq. (2) can be rearranged to give the linear expression:

t

qt
= 1

v0
+ 1

qe
t (4)

Thus the values of v0 and k2 can be determined experimentally
by plotting t/qt versus t and extracting information from the least-
squares analysis of slope and intercept and substituting into Eq.
(3).

The parabolic diffusion model can be used to determine whether
diffusion-controlled phenomena are a rate-limiting step during
adsorption [24]. The parabolic diffusion model can be written as:

qt

qet
= kt0.5 + a (5)

where qe and qt are the adsorbed IACs (mg/g) at equilibrium and at
time t (min), a is a constant, and k is the overall diffusion constant
for adsorption.

The Elovich model can be written as [24]:

qt = a ln(t) + b (6)

where qt is the adsorbed IACs (mg/g) at time t (min), and a and
b are constants whose chemical significance is not clearly defined.

The modified Freundlich model can be written as [24]:

qt = kc0ta (7)

where qt is the adsorbed IACs (mg/g) at time t (min), k is the rate

constant for the sorption, a is a constant.

2.7.2. Isotherm modeling
In this study, both the Langmuir and the Freundlich models were

employed to fit the experimental data.



508 G.D. Sheng et al. / Journal of Hazardous Materials 178 (2010) 505–516

ages

f

q

E

w
c

q

E

l

w
a
t

a
c
m

R

w
n

2

t

Fig. 1. Scanning electron microscope (SEM) im

The form of the Langmuir isotherm can be represented by the
ollowing equation [35]:

e = bqmax Ce

1 + bCe
(8)

q. (8) can be expressed in linear form:

1
qe

= 1
qmax

+ 1
bqmax

· 1
Ce

(9)

here qmax and b are Langmuir constants related to adsorption
apacity and adsorption energy, respectively.

The Freundlich isotherm model has the following form [36]:

e = kF Cn
e (10)

q. (10) can be expressed in linear form:

og qe = log kF + n log Ce (11)

here kF (mg1−n g−1 Ln) represents the adsorption capacity when
dsorbate equilibrium concentration equals to 1, and n represents
he degree of adsorption dependence at equilibrium concentration.

Both the standard coefficient of determination (R2) and the
djusted coefficient of determination (R2

adj
) were employed to

ompare the goodness of fitting between model prediction and
easured data. The R2

adj
was calculated as [37]:

2
adj = 1 − R2(m − b)

m2 − 1
(12)

here m is the number of data points used for fitting, and b is the

umber of coefficients in the fitting equation.

.7.3. Thermodynamic study
The measurement of the thermodynamic parameters, such as

he adsorption equilibrium constant (K0), the standard free energy

Fig. 2. Transmission electron microscope (TEM) image
of as-prepared (A) and oxidized (B) MWCNTs.

changes (�G◦), the standard enthalpy change (�H◦) and the stan-
dard entropy change (�S◦) has been the subject of adsorption
process. The distribution adsorption coefficient, Kd, is calculated
from the following equation:

Kd = C0 − Ce

Ce
· V

m
(13)

where C0 is the initial concentration (mg/L), Ce is the equilibration
concentration after centrifugation (mg/L), V is the volume (mL) and
m is the mass of adsorbent (g). Therefore, the adsorption equilib-
rium constant, K0, can be calculated by plotting ln Kd versus Ce and
extrapolating Ce to zero; the value of the intercept is the value of
ln K0.

The standard free energy change (�G◦) can be calculated from
the relationship:

�G0 = −RT ln K0 (14)

where R is the universal gas constant (8.314 J mol−1 K−1), T is the
temperature in Kelvin. The standard enthalpy change (�H◦) and
the standard entropy change (�S◦) are calculated:

RT ln K0 = T�S0 − �H0 (15)

ln K0 = �S0

R
− �H0

RT
(16)

The values of �H◦ and �S◦ can be calculated from the slope and
y-intercept of the plot of ln Kd versus 1/T by using Eq. (16).

3. Results and discussion
3.1. Characterization of MWCNTs

Fig. 1A and B displays the SEM images of as-prepared and
oxidized MWCNTs, respectively. It is evident that the isolated
MWCNTs usually curve and have cylindrical shapes with the

s of as-prepared (A) and oxidized (B) MWCNTs.
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ig. 3. Fourier transformation infrared (FTIR) spectra of as-prepared and oxidized
WCNTs.

iameter range of 10–30 nm for MWCNTs, respectively. Due to
nter-molecular force, the isolated MWCNTs of different size and
irection can form an aggregated structure. The length of MWCNTs
ecomes short and the confined space among isolated MWCNTs
ecomes small after oxidation.

Fig. 2A and B shows the TEM images of as-prepared and oxi-
ized MWCNTs, respectively. As can be seen, a large amount
f metal catalysts and amorphous carbon appeared within as-
repared MWCNTs and was removed after oxidation. TEM images
f MWCNTs contain a concentrically nested array of SWCNTs with
he hollow inner tube diameter of around 10 nm.

The FTIR measurements were performed in order to verify the
ormation of oxygen-containing functional groups after oxidation.
ig. 3 shows the FTIR spectra of as-prepared and oxidized MWC-
Ts. It is clear that the spectra of MWCNTs display no significant
ands before the oxidation but show some apparent bands after
xidation. The FTIR spectra indicate that the acid treatment process
ntroduces many functional groups on the surfaces of MWCNTs:
arbonyl groups (1400 cm−1), carboxyl groups (1650 cm−1), and
ydroxyl groups (3500 cm−1). These functional groups are pro-

uced abundantly on the external and internal surface of oxidized
WCNTs, which increase the surface polarity and further alter the

urface charges.
The Raman spectra of as-prepared and oxidized MWCNTs

n Fig. 4 are composed of two characteristic peaks. The peak

Fig. 4. Raman spectra of as-prepared and oxidized MWCNTs.
Fig. 5. Thermo gravimetric analysis–differential thermal analysis (TGA–DTA) curves
of as-prepared and oxidized MWCNTs.

near 1350 cm−1 is the D-band corresponding to the disordered
sp2-hybridized carbon atoms of MWCNTs while the peak near
1580 cm−1 is the G-band corresponding to the structural integrity
of sp2-hybridized carbon atoms of MWCNTs. Together, these bands
can be used to determine the extent of carbon-containing defects
[38]. As can be seen, the as-prepared MWCNTs (ID/IG = 0.85) have
a higher ID/IG ratio (the intensity ratio of D-band to G-band) than
the oxidized MWCNTs (ID/IG = 0.79), which indicates that the as-
prepared MWCNTs contain more amorphous carbon and multishell
sp2-hybridized carbon nanoparticles [39].

Fig. 5 reveals the TGA–DTA results of as-prepared and oxidized
MWCNTs. It is evident that the as-prepared MWCNTs are consider-
ably stable and show a little weight loss close to 5.2% below 500 ◦C.
A significant gasification of MWCNTs begins at 500 ◦C and ends at
610 ◦C, in which 7.25% remaining weight is found. The oxidized
MWCNTs have a broader temperature range for weight loss than
that of the as-prepared MWCNTs and exhibit three main weight
loss regions, which can be attributed to the removal of amorphous
carbons and metal catalysts after oxidation as shown in SEM and
TEM images. Similar TGA–DTA results have been reported for as-
prepared and functionalized MWCNTs [38] (Table 2).

The results of Boehm titration are shown in Table 3. It is obvi-
ous that the total acidity of MWCNTs increased after oxidation,
which can be caused by the presence of more carboxyls, lactones
or phenols on the MWCNT walls. Carboxylic groups are the major
acidity, followed by lactonic groups, and then phenolic groups. The
total basicity of MWCNTs also increased after oxidation, which may
be caused by the presence of more oxygen functional groups and
the existence of pyrone-type structures on the edges of the pol-
yaromatic layers [32]. However, the origin of surface basicity after
oxidation of MWCNTs is still under discussion and further studies
are needed.

3.2. Adsorption kinetics

Fig. 6 demonstrates the adsorption kinetics of IACs on as-
prepared and oxidized MWCNTs. The plots represent the adsorbed
IACs on as-prepared and oxidized MWCNTs versus time at an ini-
tial concentration of 50 mg/L. For the three IACs studied in this
work, the adsorption was very fast on both as-prepared and oxi-
dized MWCNTs. Apparent equilibrium was reached within 5 h,

this fast adsorption process was quite similar to that which had
been reported for trihalomethanes [11], reactive dyes [25] and
nitroaromatic compounds [24]. Individual MWCNTs have a domi-
nant adsorption domain which is primarily the outermost graphene
surface and defect sites. However, when MWCNTs form bundles in
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Table 2
Selected properties of as-prepared and oxidized MWCNTs applied in this study.

MWCNTs Specific surface area
(m2/g)a BET method

Micropore volume
(cm3/g)a t-plot method

2–100 nm pore volume
(cm3/g)a BJH method

C (%)b H (%)b O (%)c pHpzc
d

As-prepared 72 0.008 0.41 93.0 0.26 2.76 ∼5.5
Oxidized 121 0.0004 0.49 90.0 0.19 8.50 <5.0

a Ref. [14].
b Ref. [24].
c Ref. [33].
d Ref. [34].

Table 3
Results of Boehm titration of as-prepared and oxidized MWCNTs.

a
w
w
f
o
a

p
m

F
o
r

MWCNTs Carboxylic groups Lactone groups

As-prepared 0.65 0.28
Oxidized 1.10 0.34

queous media, the interstitial channel space between the tubes
ithin the bundles can be regarded as pores [24]. Therefore, IACs
ere thought to preferentially occupy the external graphene sur-

ace of MWCNTs during the initial adsorption process, while the

verall adsorption of IACs included the contributions from the
dsorption on the graphene surface as well as due to pore filling.

While four kinetic models, pseudo-second-order model,
arabolic diffusion model, modified Freundlich model, and Elovich
odel, were applied to simulate the experimental data, and only

ig. 6. Adsorption kinetics of 1-naphthylamine (A), 1-naphthol (B) and phenol (C)
nto as-prepared and oxidized MWCNTs at an initial concentration of 50 mg/L. Lines
epresent the model fitting of pseudo-second-order equation.
Phenolic groups Total acidity Total basicity

0.55 1.48 0.10
0.68 2.12 0.15

the pseudo-second-order model fitted the adsorption kinetics well
with correlation coefficient consistently >0.999 for all three IACs
studied (Table 3). The other three kinetic models failed to describe
the experimental data well, as indicated by consistently lower R
values (data not shown). Shen et al. [24] studied the adsorption
kinetic of four nitroaromatic compounds on as-prepared and oxi-
dized MWCNTs, and similar results have been reported. The initial
adsorption rate (v0) and the adsorption rate constant (qe) of the oxi-
dized MWCNTs were both smaller than those of the as-prepared
MWCNTs, suggesting that the adsorption of IACs on as-prepared
MWCNTs was faster than that on the oxidized MWCNTs (Table 4).
The difference in adsorption kinetics between as-prepared and
oxidized MWCNTs may be due to the changes in the surface
chemistry of MWCNTs after HNO3 oxidization. After oxidization,
hydrophilic oxygen-containing groups, including carboxylic, lac-
tonic, and hydroxyl groups, were introduced into the outmost
surface and defect sites of MWCNTs. The addition of these groups
results in a more negatively charged MWCNT surface due to depro-
tonation of carboxylic groups at the equilibrium adsorption pH of
6.5, since at this pH the adsorption of water is more energetically
favorable relative to the adsorption of IACs and thus the adsorption
of IACs becomes more difficult.

3.3. Effect of pH

For organic acids and organic bases, the occurrence of their
nondissociated or dissociated species depends on the solution pH
in relation to their dissociated constants (pKa). When pH < pKa, the
nondissociated species and the dissociated species are dominated
for organic acids and organic bases, respectively; whereas, when
pH > pKa, the dissociated species (anion) is dominant for organic
acids and the nondissociated species is dominant for organic bases.

N
The fraction of nondissociated species for organic acids (fA ) and

bases (f N
B ) can be respectively estimated by f N

A = (1 + 10pH−pKa )−1

and f N
B = (1 + 10pKa−pH)−1, and the fraction of dissociated species

for organic acids (f I
A) and bases (f I

B) can be estimated by f I
A =

Table 4
Kinetic parameters of pseudo-second-order model fitting for IACs adsorption on
as-prepared and oxidized MWCNTs.

MWCNTs IACs v0 qe R2

As-prepared 1-Naphthylamine 14.43 8.80 0.999
1-Naphthol 43.86 38.31 0.997
Phenol 15.30 9.51 0.999

Oxidized 1-Naphthylamine 37.59 40.00 0.999
1-Naphthol 37.88 32.05 0.996
Phenol 52.327 10.551 0.999
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ig. 7. Species distribution of 1-naphthylamine (A), 1-naphthol (B) and phenol (C)
s a function of pH values.

1 + 10pKa−pH)−1 and f I
B = (1 + 10pH−pKa )−1, respectively [41]. Fig. 7

hows the distribution of their nondissociated or dissociated
pecies as a function of pH values for 1-naphthylamine, 1-naphthol
nd phenol, respectively.

Fig. 8 demonstrates that the pH effect on adsorption varied
or different chemicals studied in this work. Changing the pH
ver the range of 3–11 should have significantly affected the
rotonation–deprotonation transition of MWCNT surface groups
uch as –OH and –COOH, and it appears that such a transition has
ignificant effect on the adsorptive affinity of IACs. The effect of pH
n the adsorption of phenol was insignificant when the pH was
elow the phenol’s pKa (9.92), but the adsorption was considerably
indered when the pH was above the pKa. Moreover, this pH effect
as more significant for the adsorption to oxidized MWCNTs than

o as-prepared MWCNTs. Lin and Xing [40] and Yang et al. [41] have
tudied the pH effect on the adsorption of phenolic compounds
y MWCNTs, respectively, and similar results were reported. Sur-
risingly, when the pH was below its pKa (9.34), the adsorption of
-naphthol increased with the pH, and the trend was also much
ore significant for the adsorption to oxidized MWCNTs than to

s-prepared MWCNTs. However, when the pH was above the pKa,
ifferent trends were observed on the different adsorbents: adsorp-
ion to as-prepared MWCNTs was similar to that at pH 8 and 9 but

tronger than that at the lower pH values; adsorption to oxidized
WCNTs was weaker at pH 11 than at pH 8 but still considerably

tronger than that at the lower pH values. For 1-naphthylamine, the
dsorption to oxidized MWCNTs increased by over 1 order of mag-
itude over the pH range of 3–7 but slightly decreased when the pH
Fig. 8. Adsorption of 1-naphthylamine (A), 1-naphthol (B) and phenol (C) on as-
prepared and oxidized MWCNTs as a function of pH values.

further increased. A similar trend of the pH effect was observed on
as-prepared MWCNTs when the pH was less than 9, but the adsorp-
tion affinity decreased with the pH pronouncedly at higher pH
values. Chen et al. [22] have investigated the effect of pH on adsorp-
tion of MWCNTs for 1-naphthol and 1-naphthylamine, respectively,
and similar observation was also found.

3.4. Comparison of as-prepared and oxidized MWCNTs

It has been reported that oxidized MWCNTs became more
hydrophilic and suitable for the adsorption of trihalomethanes than
as-prepared MWCNTs [12]. Herein, we compared the adsorption
ability of as-prepared MWCNTs with that of oxidized MWC-
NTs. Fig. 9A illustrates the adsorption of 1-naphthylamine on
as-prepared and oxidized MWCNTs, respectively. Two curves
resemble the same trend; however, the adsorption for oxidized
MWCNTs is much lower than that for as-prepared MWCNTs. Similar
results are also observed for the 1-naphthol and phenol adsorption.

The oxidation process alters the surface properties of MWC-
NTs from two aspects. On the one hand, MWCNTs become more
hydrophilic and have more active functional groups on the surfaces.
On the other hand, the physical properties such as the specific sur-
face area and pore volume distribution are changed significantly.

As it has been discussed above, the adsorption of 1-naphthylamine
on MWCNTs is not dependent on the porous structure, which is
supported by the recent work of Yang et al. [16] with regard to the
competitive adsorption of pyrene, phenanthrene, and naphthalene
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ig. 9. Adsorption isotherms of 1-naphthylamine (A), 1-naphthol (B) and phenol (C)
n as-prepared and oxidized MWCNTs, respectively.

n MWCNTs. The results of the lower adsorption for HNO3-oxidized
WCNTs also indicate that surface chemical properties rather than

pecific surface areas or pore volume are important factors to deter-
ine the adsorption of MWCNTs. The oxidization of MWCNTs by
NO3 or H2SO4/HNO3 mixture introduced carboxylic groups [42],
hich made the surface of MWCNTs negatively charged. The sur-

ace modified MWCNTs may inhibit adsorption of IACs on MWCNTs
ue to repulsion of negative charges. Moreover, carboxylic groups
n the surfaces of oxidized MWCNTs can act as electrons withdraw-
ng groups localizing electron from � system of MWCNTs, which

ight be expected to interfere with �–� dispersion forces between
he aromatic ring of IACs and the graphitic structure of MWCNTs.
umerous studies have shown that the oxygen functional groups
epressed the adsorption of organic chemicals on carbon materials
43,44] by water adsorption, dispersive–repulsive interactions, and
ydrogen bonding. Previous studies on the adsorption of aromat-

cs on activated carbon suggested that surface oxygen complexes
ncreased the affinity of water to activated carbon, which reduced
he accessibility for aromatic adsorbates, thus led to the lower
dsorption capacity [43,45]. This is another reason for the reduction
f the adsorption capacity of oxidized MWCNTs.
.5. Adsorption isotherms

The adsorption isotherm is the most important information,
hich indicates how adsorbate molecules are distributed between

he liquid phase and solid phase when the adsorption process
s Materials 178 (2010) 505–516

reaches equilibrium. Fig. 10 presents the adsorption isotherms of
1-naphthylamine, 1-naphthol and phenol on as-prepared and oxi-
dized MWCNTs at three different temperatures, respectively. The
relative parameters derived from the Langmuir and Freundlich
models are listed in Table 5. It can be seen from Table 5 that
the experimental data of 1-naphthylamine, 1-naphthol and phenol
adsorption are well fitted by both Langmuir and Freundlich mod-
els, which means physical adsorption occurred. Both as-prepared
and oxidized MWCNTs have nonlinear adsorption isotherms for
ionizable aromatic compounds studied in this work, due to the
heterogeneous adsorption sites of MWCNTs. Because of its strong
hydrophobicity, the isolated MWCNTs of different sizes can form
aggregated structure as observed by SEM and TEM. Aggregation of
MWCNTs may create heterogeneous sites with different adsorption
energies for IACs adsorption. The heterogeneous sites of MWCNTs
may stem from the following types: (i) in the hollow space inside
nanotubes, (ii) in the interstitial spacing between neighboring nan-
otubes, (iii) on the grooves of the periphery of nanotube bundles,
and (iv) on the curved surface of the periphery of nanotubes [46].

It is of great importance to disclose the adsorption mechanism
of IACs on as-prepared and oxidized MWCNTs. It has been widely
accepted that the strong adsorption of aromatic compounds on
CNTs was mainly attributed to the �–� electron-donor–acceptor
(EDA) interaction between aromatic molecules and the highly
polarizable graphene sheets of CNTs [8,22,33,40]. Chen et al. [22]
have proposed that the strong adsorptive interaction between
hydroxyl-substituted aromatics and CNTs was mainly due to the
electron-donating effect of the hydroxyl group, which caused a
strong EDA interaction between the adsorbates and the �-electron-
depleted regions on the graphene surfaces of CNTs. In addition to
the EDA interaction, Lewis acid–base interaction was likely an extra
important mechanism contributing to the strong adsorption of 1-
naphthylamine, especially on the O-functionality-abundant carbon
nanotubes. Furthermore, hydrogen bonding, hydrophobic effect,
electrostatic interaction may another important factors that are
responsible for the adsorption of IACs on MWCNTs.

3.6. Adsorption thermodynamics

To assess the thermodynamic parameters, the adsorption
isotherms of 1-naphthylamine, 1-naphthol and phenol on as-
prepared and oxidized MWCNTs were measured at 298, 318, and
338 K, respectively (Fig. 10). The distribution coefficients as a func-
tion of solute final concentration at 298, 318, and 338 K are shown
in Fig. 11. The values of adsorption equilibrium constant (ln K0) are
obtained by plotting ln Kd versus Ce and extrapolating Ce to zero;
and the value of the intercept is the value of ln K0 (see Fig. 11).
Constants of linear fit of ln Kd versus Ce for the adsorption of
1-naphthylamine, 1-naphthol and phenol on as-prepared and oxi-
dized MWCNTs are listed in Table 6. The slope of Eq. (16) is −�H◦/R
and the intercept is �S◦/R (see Fig. 12). Thermodynamic parame-
ters calculated from Eqs. (14) and (16) are listed in Table 7. The
evaluation of thermodynamic parameters provides an insight into
the mechanism of IACs adsorption on as-prepared and oxidized
MWCNTs.

Firstly, all the samples present a negative standard free energy
change and a positive standard entropy change, which indicate that
the adsorption reactions are general spontaneous process and ther-
modynamically favorable. The positive standard entropy changes
indicate that the degree of freedom increases at the solid–liquid
interface during the adsorption of IACs on MWCNTs. IACs in solu-

tion is surrounded by a tightly bound hydration layer where water
molecules are more highly ordered than in the bulk water. When
a molecule of IACs comes into close interaction with the hydra-
tion surface of MWCNTs, the ordered water molecules in these
two hydration layers are compelled and disturbed, thus increas-
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Fig. 10. Adsorption isotherms of IACs on as-prepared MWCNTs (A, C, E) and oxidized MWCNTs (B, D, F) at three different temperatures. Symbols denote experimental data,
solid lines represent the model fitting of Langmuir equation, dotted lines represent the model fitting of Freundlich equation.

Table 5A
The parameters for Langmuir isotherms at three different temperatures.

MWCNTs IACs 298 K 318 K 338 K

qmax 1/b R2 R2
adj

qmax 1/b R2 R2
adj

qmax 1/b R2 R2
adj

As-prepared 1-Naphthylamine 58.82 2.69 0.97 0.92 72.46 3.89 0.98 0.92 83.33 2.63 0.94 0.93
1-Naphthol 54.35 4.69 0.94 0.93 72.36 5.18 0.95 0.93 76.34 3.33 0.99 0.92
Phenol 14.41 36.01 0.99 0.92 13.81 73.27 0.99 0.92 10.91 61.69 0.97 0.92

T
T

Oxidized 1-Naphthylamine 58.14 8.17 0.97 0.92 7
1-Naphthol 30.58 43.10 0.91 0.93 4
Phenol 11.26 59.85 0.98 0.92 1

able 5B
he parameters for Freundlich isotherms at three different temperatures.

MWCNTs IACs 298 K

kF n R2 R2
adj

As-prepared 1-Naphthylamine 23.46 0.24 0.98 0.92
1-Naphthol 14.84 0.36 0.93 0.93
Phenol 0.0.86 0.58 0.99 0.92

Oxidized 1-Naphthylamine 10.57 0.44 0.93 0.93
1-Naphthol 9.92 0.30 0.99 0.92
Phenol 0.54 0.57 0.96 0.93
1.43 6.10 0.98 0.92 80.00 4.47 0.95 0.93
3.10 5.55 0.93 0.93 57.80 3.10 0.98 0.92
0.64 92.12 0.91 0.93 10.17 97.12 0.98 0.92

318 K 338 K

kF n R2 R2
adj

kF n R2 R2
adj

24.35 0.37 0.96 0.93 28.31 0.27 0.96 0.93
21.00 0.34 0.94 0.93 30.73 0.24 0.91 0.93

0.91 0.72 0.99 0.92 0.81 0.65 0.96 0.93

24.36 0.33 0.90 0.94 16.31 0.39 0.93 0.93
11.69 0.34 0.97 0.92 14.69 0.35 0.88 0.94

0.22 0.74 0.97 0.92 0.21 0.70 0.95 0.93
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Fig. 11. Linear plots of ln Kd vs. Ce for the adsorption of IACs on as-prepared MWCNTs (A, C, E) and oxidized MWCNTs (B, D, F) at three different temperatures.

Table 6
Constants of linear fit of ln Kd vs. Ce (ln Kd = B + ACe).

MWCNTs IACs 298 K 318 K 338 K

A B R A B R A B R

As-prepared 1-Naphthylamine −0.05 9.01 0.88 −0.06 9.30 0.92 −0.06 9.44 0.86
1-Naphthol −0.04 8.70 0.91 −0.04 8.94 0.94 −0.05 9.33 0.95
Phenol −0.01 5.12 0.98 −0.01 4.73 0.89 −0.01 4.62 0.88

Oxidized 1-Naphthylamine −0.04 8.52 0.96 −0.05 9.00 0.96 −0.06 9.33 0.95
1-Naphthol −0.04 8.00 0.87 −0.04 8.26 0.90 −0.04 8.61 0.96
Phenol −0.01 5.83 0.94 −0.01 5.17 0.97 −0.01 5.04 0.87

Table 7
Thermodynamic parameters of IACs adsorbed on as-prepared and oxidized MWCNTs.

MWCNTs IACs �G◦ (kJ mol−1) �S◦ (J mol−1 K−1) �H◦ (J mol−1)

298 K 318 K 338 K

As-prepared 1-Naphthylamine −5.44 −5.90 −6.31 101.85 9.24
1-Naphthol −5.15 −5.58 −6.05 127.72 16.90
Phenol −4.37 −4.34 −4.56 116.43 −13.19

Oxidized 1-Naphthylamine −5.31 −5.81 −6.28 108.61 12.59
1-Naphthol −4.37 −4.34 −4.55 8.02 16.64
Phenol −4.05 −4.10 −4.30 6.31 −10.72
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Fig. 12. Linear plots of ln K vs. 1/T for 1-naphthylamine (A), 1-naphthol (B) and
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[1] S. Iijima, Helical microtubules of graphitic carbon, Nature 354 (1991) 56–58.
[2] S. Iijima, T. Ichihashi, Single-shell carbon nanotubes of 1-nm diameter, Nature
0

henol (C) adsorption on as-prepared and oxidized MWCNTs, respectively.

ng the entropy of water molecules. Although the adsorption of
ACs molecules on MWCNTs decreases the degree of freedom of
ACs molecules, it seems likely that positive entropy associated

ith the adsorption of IACs on MWCNTs is due to the entropy
ncrease of water molecules overweighing the entropy decrease of
ACs molecules.

Secondly, an interesting observation is that the average stan-
ard enthalpy changes are negative for phenol adsorption on
s-prepared and oxidized MWCNTs while they are positive for
-naphthylamine and 1-naphthol adsorption. The observed neg-
tive �H◦ values suggested an exothermic adsorption for phenol,
hich was supported by the observation that adsorption of phenol

n as-prepared and oxidized MWCNTs decreased with increasing
dsorption temperature (Fig. 10). Yan et al. [23] and Shen et al.
24] studied the adsorption properties of MWCNTs for nitroaro-

atic compounds and atrazine, respectively, and similar results
ere also reported. However, the observed positive �H◦ values

uggested an endothermic adsorption for 1-naphthylamine and
-naphthol, which was the reason for the increase in adsorption
f 1-naphthylamine and 1-naphthol on as-prepared and oxidized
WCNTs at higher temperature (Fig. 10). Wu [25] and Kuo et al. [26]

xamined the adsorption efficiency of MWCNTs for reactive dye and

irect dyes, respectively, at various temperatures, and the obser-
ations obtained in this work agree well with the typical published
esults.
s Materials 178 (2010) 505–516 515

3.7. Comparison with other adsorbents

A comparison of the Langmuir adsorption capacity (qmax) of
MWCNTs (qmax = 58.8 mg/g for 1-naphthylamine, qmax = 54.4 mg/g
for 1-naphthol and qmax = 14.4 mg/g for phenol) studied in this work
with that of other common adsorbents such as natural bentonite
(qmax = 18.5 mg/g for 2-naphthol) [47], apatite (qmax = 9.2 mg/g for
phenol) [48], zeolite (qmax = 4.5 mg/g for phenol) [49] and kaolinite
(qmax = 16.6 mg/g for Aniline blue dye) [50] documented in the lit-
eratures shows that the adsorption capacity of MWCNTs for IACs is
higher than that of other adsorbents. Differences in IACs adsorption
capacity are associated with the adsorbent physicochemical prop-
erties, such as pore structure, functional groups, pHpzc and surface
area. Most studies only investigated the adsorption capacity of an
adsorbent and few determined the adsorption capacity and related
thermodynamics parameters simultaneously. The results observed
in this work suggest that the MWCNTs are efficient adsorbent for
IACs.

4. Conclusion

In summary, the thermodynamics of IACs adsorption on as-
prepared and oxidized MWCNTs were investigated. Based on the
results obtained in this work, the following conclusions can be
attained:

(1) HNO3-oxidized MWCNTs showed decreased adsorption capac-
ity for 1-naphthylamine, 1-naphthol and phenol compared
to that of as-prepared MWCNTs, which might be ascribed to
increased electrostatic repulsion, carboxylic groups weakening
the �–� interaction and water adsorption.

(2) The equilibrium adsorption of IACs on as-prepared and oxi-
dized MWCNTs at three various temperatures was studied and
the adsorption isotherms were described by both Langmuir and
Freundlich isotherm models well.

(3) The thermodynamic parameters (�H◦, �S◦ and �G◦) of IACs
adsorption are calculated for 298, 318 and 338 K, respec-
tively. Generally, the IACs adsorption reactions are considered
as spontaneous process because of the negative adsorption
standard free energy together with positive standard entropy
change.

(4) The observed negative �H◦ values suggested an exothermic
adsorption for phenol, while the observed positive �H◦ values
suggested an endothermic adsorption for 1-naphthylamine and
1-naphthol.

(5) The as-prepared and oxidized MWCNTs are good adsorbents
for the removal of IACs from aqueous solutions. The findings
of the present work might have significant implications for the
removal of environmental contaminants with as-prepared and
oxidized MWCNTs.
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